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Analysis of ultrathin SiO 2 interface layers in chemical vapor deposition of
Al2O3 on Si by in situ scanning transmission electron microscopy
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The development of Al2O3 as an alternative gate dielectric for microelectronic applications depends
on the ability to grow a high-quality nanoscale thin film that forms an atomically abrupt interface
with Si. Here, the combination ofin situ Z-contrast imaging, electron energy loss spectroscopy and
x-ray photoelectron spectroscopy of amorphous Al2O3 films grown by metalorganic chemical vapor
deposition shows that excess oxygen incorporated into the film routinely reacts with the Si substrate
to form an amorphous SiO2 interface layer during postdeposition annealing. The intrinsic
oxygen-rich environment of all films grown by such techniques and the necessity of postdeposition
processing in device applications implies that control and optimization of the SiO2 interface layers
could be of utmost interest for high-k dielectric stacked structures. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1597415#
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One of the key challenges facing the continued advan
ment of integrated circuit technology over the next five ye
is the identification of high-k dielectric materials. Aluminum
oxide (Al2O3) has gathered considerable interest, prima
due to its potential to replace SiO2 as the dielectric layer
in complementary metal–oxide–semiconductor dev
fabrication.1 Besides having a dielectric constant which
more than twice that of SiO2 , Al2O3 has a band gap o
;9 eV with 2.8 eV conduction band offset to Si. Furthe
more, perhaps the most notable of the desirable properti
the ability ofstoichiometricAl2O3 to form a thermodynami-
cally stable interface1,2 with Si. This is in fact a considerabl
advantage, as in order to function as a high-k material and
deliver low electrical thickness~or higher gate capacitance!
with a larger physical thickness, the formation of a lowk
SiO2 interface layer must be prevented. However, the O
ratio of ultrathin (,10 nm) aluminum oxide films, obtaine
by processes that are currently employed for deposition
pends sensitively on the process, and may be consider
higher than stoichiometric Al2O3 .3–7 In such cases, the in
terface with Si may not be as stable and this issue assu
key importance in determining the applicability of Al2O3 to
next generation integrated circuits.

In this letter we present direct atomic scale analyses
the interface betweennonstoichiometricmetalorganic chemi-
cal vapor deposited ultrathin aluminum oxide films and
~100! during in situ annealing. It is important to note her
that the nonstoichiometry is a natural result of the grow
process in trimethyl aluminum~TMA ! and O2 and not an
artifact deliberately introduced into the experiment. T
deposition of the films was carried out under standard c
ditions of 300 °C and 0.5 Torr using TMA~Akzo Nobel! and
oxygen in a custom-built low-pressure chemical vapor de

a!Electronic mail: klie@bnl.gov
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sition chamber.8 ~For more details see Ref. 9!. Prior to the
deposition, the substrate@double polishedn-Si(100) float
zone wafer# was thoroughly cleaned to remove organic co
tamination and native oxide from the surface. The expec
native oxide growth-rate on such a substrate is less than
nm in 30 min under continuous exposure to O2 at 300 °C.

The films were characterized by a combination
atomic-resolutionZ-contrast imaging, electron energy-los
spectroscopy~EELS! in the scanning transmission electro
microscope ~STEM!, x-ray photoelectron spectroscop
~XPS!, and Fourier-transform infrared~FTIR! spectroscopy.
These techniques were used to investigate the structural
chemical changes that occur in the films during the postde
sition annealing step. The combination ofZ-contrast imaging
~which can identify small changes in atomic number! and
electron energy loss spectroscopy~which can quantify com-
position and bonding fluctuations! can provide an accurat
description of the structure and chemistry of the interfa
with high spatial resolution (,2 Å). Z-contrast images and
EELS spectra were also obtained while the as-depos
sample was heatedin situ inside the STEM. As the partia
pressure of O2 inside the microscope column is;5
31028 Pa, any observed changes in the interface struc
originate from the diffusion of oxygen present in the origin
sample.

The STEM and EELS results presented in this let
were obtained using a JEOL 2010F STEM/TEM, having
Schottky field emission gun-source and being operated
200 kV.10,11The microscope is equipped with a standard ‘‘u
tra high resolution’’ objective lens pole piece, a JEOL ann
lar dark-field detector and a postcolumn Gatan imag
filter.9,10 The experimental setup for this microscopea
513 mrad,uc552 mrad! allows us to use low-angle sca
tered electrons that do not contribute to the incoher
Z-contrast image for EELS.12 As the two techniques do no
7 © 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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interfere,Z-contrast images can be used to position the e
tron probe at the desired spot in the sample to acq
spectra.13–15Several spectra with acquisition times of;0.5 s
are acquired consecutively in each position and compare
ensure that the beam damage is not contributing significa
to the observed spectral changes. For thein situ heating ex-
periments, a Gatan double tilt heating holder was used, w
a variable temperature range up to 1000 °C. The tempera
is measured at the heating coils of the specimen holder
does not necessarily represent the actual specimen tem
ture. Hence, for short heating cycles and samples with p
thermal conductivity, the sample temperature might be s
nificantly lower than indicated. The specimen drift obtain
with this holder is less than 1 nm per minute for temperatu
below 500 °C.16

Figure 1~a! shows an atomic resolutionZ-contrast image
of the amorphous Al2O31d film on the clean Si~100! sub-
strate. The film thickness is determined to be (3
60.2) nm and the Si substrate is located at the bottom of
micrograph. The interface between the substrate and the
appears atomically abrupt. Figure 1~b! displays EEL spectra
taken from locations indicated in Fig. 1~a!. The spectrum

FIG. 1. Z-contrast image of the film~a! as deposited, ~c! after in situ heating
inside the microscope for 79 min at 500 °C, and~e! ex situannealing in Ar
for 25 min at 900 °C. The corresponding background subtracted and
tiple scattering corrected EELS spectra (DE51.0 eV! are shown in~b!, ~d!,
and ~f!.
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from the Si substrate contains the Si–L edges with an edge
onset at (99.860.5) eV due to Si0 contribution but no dis-
tinct white line intensities that would indicate a nativ
oxide.17 The as-depositedfilm spectrum contains a stron
Al– L edge ~onset: 78.260.5 eV), characteristic of amor
phous Al2O3 and no measurable intensities at either the0

or the Si41 core-loss onsets.
Figure 1~c! shows the same specimen region after s

eral in situheating cycles to nominally 500 °C that amount
a total heating time of 79 min. The interface between
substrate and the film appears darker now and the ove
film thickness is increased to (4.360.2) nm. The EEL-
spectra@Fig. 1~d!# show an unaltered Si–L edge fine struc-
ture in the Si support~spectrum 1!, but the Si–L edge of the
darker region at the substrate-film interface~spectrum 2! ex-
hibits characteristic features of both Si0 and Si41, indicated
by the unaltered edge onset and the distinctL3 , L2 white
lines at (11060.5) eV and (117.660.5) eV, respectively.
This can be interpreted as being caused by a change
predominantly Si0 to mixed Si0– Si41 contributions in the
spectrum. Spectrum 3, taken from the deposited film sho
the Al–L edge @onset: (78.060.5) eV] and contribution
from Si41, indicating that the interface between the am
phous Al2O3 film and the Si substrate contains a significa
amount of SiO2 that was formed during thein situ heating
processinside the STEM. It is important to note again, tha
the partial pressure of oxygen inside the microscope is
low that any change in the interface structure must origin
from oxygen trapped in theas-depositedfilm.

Figure 1~e! shows a high-resolutionZ-contrast image of
a 5 nm film annealed for 25 min in Ar at 900 °C. The da
region~5 nm! in between the Si and the brighter Al2O3 film
indicatesa-SiO2 . The silicon–oxide layer EEL spectrum
@Fig. 1~f!# shows a shift of the edge onset with respect to
Si substrate spectrum of (6.260.5) eV and a distinctL3 , L2

splitting. No aluminum signal is detected, thus indicating
pure SiO2 layer. The aluminum oxide film spectrum contain
a strong Al peak18,19 ~onset: 77.260.5 eV) characteristic of
amorphous Al2O3 and no measurable intensities at either t
Si0 or the Si41 core-loss onsets.

The XPS and FTIR analysis of the samples, both bef
and after annealing corroborates the observations mad
the in situ STEM study. The results of the FTIR study we
previously reported9 and showed the thermal growth of a
a-SiO2 layer uponex situhigh-temperature annealing. Th
XPS ~Kratos, AXIS Ultra XPS! spectrum~Fig. 2! shows the
Si 2p signal obtained from a 6 nmas-depositedfilm ~spec-
trum a!. The Si 2p peak appearing at 99.3 eV is from Si0.
The absence of any signal from Sin1 (n.0) provides an-
other confirmation of the absence of SiO2 in theas-deposited
samples. The Al 2p signal for theas-depositedfilms ~not
shown here! at 75.4 eV indicates the presence of only t
Al31 state.3,20,21 The as-depositedfilm was annealed a
500 °C ~spectrum b! and 900 °C~spectrum c! in Ar for 10
min in a quartz furnace. In both cases the Si 2p signal shows
distinct peaks from the Si0 ~99.3 eV! and Si14 ~102.9 eV!
states. The Si41 intensity relative to the Si0 is larger for the
sample annealed at 900 °C suggesting that the thicknes
SiO2 layer formed during annealing is larger for higher a
nealing temperatures. The Al 2p signal in the annealed

l-
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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samples shifts slightly to higher binding energies indicatin
change in the chemical environment of the Al2O3 film as a
result of annealing.

The O/Al and O/Si41 ratio for the samples were calcu
lated from integrated peak intensities and the atomic se
tivity factor of each species. For the annealed samples, th
1s peak was deconvoluted into two components each co
sponding to the oxygen associated with Al31 and Si41 states.
In the as-depositedsamples the O/Al ratio was (2.160.1).
Annealing at 500 °C was found to decrease this ratio to
60.1, while annealing at 900 °C reduced it to (1.560.1),
close to the O/Al ratio in stoichiometric Al2O3 . In both cases
the O/Si41 ratio was close to that of stoichiometric SiO2 .
With the equipment used in this study, the practic
detection-limit of the XPS measurements was;1 mono-
layer. This limit may increase with to the presence of Al2O3 ,
nevertheless, the absence of SiO2 at the interface has als
been confirmed by FTIR, which can detect sub monola
films of SiO2.20

This study shows that ultra-thinas-depositedamorphous
aluminum oxide films can form an atomically abrupt inte
face with Si. However, the chemical vapor depositi
method with TMA and O2 results in the aluminum oxide film
being oxygen rich. This nonstoichiometry leads to a therm
dynamically different condition than is present in stoich
metric films and the interface stability suffers as a result o
We provide direct evidence for three different annealing c
ditions, which all show the formation of an interstitial silico
oxide layer upon high temperature treatment at low oxyg

FIG. 2. XPS spectra of the Si 2p signal in films deposited at 300°C.~a!
As-deposited, film~b! after 10 min annealing in Ar at 500 °C, and~c!
900 °C.
Downloaded 11 Aug 2003 to 130.199.3.2. Redistribution subject to AIP
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partial pressure. Hence, the formation of thea-SiO2 layer at
the film-substrate interface during annealing can only be
plained by considering diffusion of the excess oxyg
present in the film towards the substrate and reacting to f
SiO2 . The increase in film thickness uponin situ heating and
the change in the Al–L edge onset~from 78.0 to 77.2 eV!
support this hypothesis. This oxidation process continues
til the equilibrium thickness is attained and the aluminu
oxide film becomes stoichiometric. Theex situ annealed
samples represent this equilibrium state. The results from
atomic resolution STEM study ofin situ annealed Al2O3 /Si
indicate that there may be intriguing design issues in the
of amorphous Al2O3 as a high-k dielectric in integrated cir-
cuit technology and that increased applicability can be
tained by developing methods to control and optimize
excess oxygen in theas-depositedfilms.
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funded by NSF under Grant No. DMR-9601796. This r
search was supported in part by NSF under Grant No. DM
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by the U.S. Department of Energy under Grant N
DEFG02-96-ER45439.
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